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 INTRODUCTION
The nature of electronic excited states in organic semiconductors, governing the dynamics of excitation energy transfer and/or exciton dissociation, is an important ingredient in understanding the fundamental mechanism of organic photovoltaics (OPVs). [1] [2] [3] [4] [5] [6] [7] [8] With the rapidly growing interests in OPVs in both scientific and industrial communities, theoretical modeling of the electronic structure of excitons and their accompanying dynamics has been widely implemented and now plays an important role in interpreting the elementary processes or designing new materials. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Due to the large size of the system, the theoretical investigations are mainly based on simplified models with the common assumption that only the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of each molecule participate in the exciton dynamics within the donor (D)/acceptor (A) heterojunction, i.e. one initially photo-excited Frenkel exciton (FE) can convert to a charge transfer (CT) excited state where the hole occupies the HOMO of the donor (or a linear combination of HOMOs of many donors) and the electron occupies the LUMO of the acceptor (or a linear combination of LUMOs in case of many acceptors). These CT states evolve into free electrons and holes with a mechanism that is still controversial [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . The idea that only the lowest CT state (CT1) dominated by the HOMO(D) to LUMO(A) transition is accessible through the internal conversion process from the FE state is very useful for giving qualitative descriptions of exciton dynamics in many cases but sometimes it may be too simplified for quantitative predictions especially when one considers the relatively dense energy levels of frontier orbitals in medium to large sized π-conjugated molecules and also the structural versatility of chemical substances. For example, it is well-known that the fullerene (C60) molecule has three degenerate LUMOs due to its high symmetry and accordingly the dimer complex of any donor molecule and one fullerene molecule will have three nearly degenerate lowest CT states. Then the charge separation efficiency can be expected to be much enhanced because it will be the sum of the contributions by three CT states. Recent work by Liu and Troisi [33] verified that slightly lifted LUMO/LUMO+1 degeneracy in the fullerene derivatives can further increase the charge separation rate by more than one order of magnitude instead of only three times because the slightly lifted LUMO/LUMO+1 degeneracy can decrease the Gibbs free energy of the charge separation. However, whether such kind of 2nd CT state (CT2) or other higher CT states locating below the dipole allowed FE state can exist in other general D/A pairs with non-fullerene organic small electron-acceptor molecules is still unknown. (Please note that CT1, CT2 and other CT states in this paper are specified for a two-molecule system (a D/A pair). They do not have the usual meanings as the electronic excited states in large D/A heterojunction aggregates in other literatures.) If the answer is affirmative, it may provide further elements to explain why some donor-acceptor pairs are more efficient than others: an energetically accessible CT2 state from FE state can not only enhance the charge transfer rate but also provide multiple exciton dissociation channels and then, accordingly, improve the charge separation efficiency as illustrated in the scheme of Figure 1 . The aim of this work is therefore to answer the following two questions by virtue of quantum chemical calculations in conjugation with phenomenological models: i) can more than one CT states be energetically lower than the FE state for general non-fullerene D/A pairs? ii) can the exciton dissociation efficiency in OPVs be modulated by tuning the energy difference between CT1 and CT2? The outline of this study is as follows. In Sec. II, computational methods are introduced; in Sec. III, we studied the electronic structures of several widely used non-fullerene electron donor and acceptor molecules (as illustrated in Figure 2a ) as well as their D/A dimers by quantum chemical calculations and we found that CT2 locating below the dipole allowed local exciton state can exist in not only nearly-degenerate fullerene-based systems but also, and maybe surprisingly, in some commonly used D/A pairs; in Sec. IV, we investigated the influence of the CT2 position on the exciton dissociation through a phenomenological models and different limits for the expression of the exciton dissociation rate. Some conclusions are given in simulations, and we revealed the exciton dissociation rate can be modulated up to more than 2 orders of magnitude; and finally, our results are summarized and concluded in Sec. V.
 METHODS

Quantum chemical calculations.
We calculated the electronic structures of selected representative non-fullerene electron donor and acceptor molecules by density functional theory (DFT) at their optimized neutral ground geometries. In order to avoid possible underestimation of fundamental gap and the energy of CT excited states by conventional DFT functionals, here we adopted the range-separated ωB97X-D functional [34] with polarized Pople basis set 6-31G(d). For each of selected D/A pairs, we optimized the neutral ground state (GS) geometry by ωB97X-D/6-31G(d) and then performed excited state electronic structure calculation at this GS geometry with time-dependent density functional theory (TDDFT) [35, 36] . The excited state nature (local excitation or charge-transfer character) was investigated by natural transition orbital [37] analysis.(see supporting information, Figure S1 Table SI ). All the quantum chemical calculations in this work were performed using Gaussian09 D.01 software package [38] .
Calculation of exciton dissociation rate. For the purpose of evaluating the role of more CT states on the exciton dissociation efficiency in organic photovolataics we considered two phenomenological models corresponding to two extreme situations: incoherent localized model and coherent delocalized model, which should capture the essential physics of the exciton dissociation process. In the first incoherent localized model we assume that the exciton dissociate into the CT state where hole and electron are adjacent (bound hole-electron pair) and we use Marcus theory [39] of charge transfer reaction to evaluate the charge separation rate increase due to the presence of the additional acceptor state. In the opposite limit when the Frenckel excitation separates in the coherent delocalized charges we use a model that only takes into account the electronic degrees of freedom and describe the charge dissociation process as the irreversible transfer from a Frenkel state to the manifold of charge separated states degenerate with the original Frenkel state. In this limit a Fermi Golden rule expression can be applied.
 CAN CT2 LOCATE BELOW FE FOR NON-FULLERENE D/A PAIRS?
Frontier MOs of representative molecules. The energy gaps between LUMO and LUMO+1 (∆ ) for the four acceptor molecule (PyT, Effect of excited state geometry relaxation on the excited state energy level alignment.
Organic electron donor or acceptor molecule may undergo geometrical reorganization within its specified new electronic state in slow incoherent hopping transport of the charge or exciton. [40, 41] The re-evaluation of the energy level alignment under relaxed geometries of different electronic states is therefore highly necessary. In this work we performed geometry optimizations for all three electronic states (GS, CT1 and CT2) of the two dimers and also illustrated the energy level alignment of these states at different optimized geometries in Fig. 5 .
We found that for both dimers the intermolecular distance for CT1 and CT2 is slightly shorter than that for GS. Such slightly reduced intermolecular distance in CT1 and CT2 can decrease the e-h separation for which the energies of CT1 and CT2 can be lowered, and also increase the electronic couplings between neighboring molecules for which the FE energy can be also reduced. More importantly, it is evident that both CT1 and CT2 are always energetically lower than FE state in all three different optimized geometries of both pentacene/PyT and tetracene/COHON dimers. This verifies that more than one CT excited state can be energetically accessible from the FE state for a D/A pair during the realistic photo-induced electron transfer process even with the consideration of molecular geometry reorganization. 
 ROLE OF CT2 STATE IN EXCITON DISSOCIATIONS
For the purpose of evaluating the role of more CT states on the exciton dissociation efficiency in organic photovolataics we studied the phenomenological model illustrated in Figure 6 (and a variant discussed below), which should capture the essential physics of the exciton dissociation The DOS generated by the Hamiltonian above is depicted in Figure 7 and displays, expectedly, two well-separated CT band for large values of ∆ that approach each other until merging when ∆ is reduced down to ~ 1 eV. The lowest energy of an isolated hole and electron are the zero of the energy scale. The model Hamiltonian in eq. (1) 
which is essentially a density of the CT states weighted by the strength of the coupling with the Frenkel state. This function, also reported in Figure 7 , shows clear maxima at the lower energy edge of the two CT bands, i.e. the energy region where the CT states are more "bound", with a closer hole-electron distance.
Finally, for the evaluation of the exciton dissociation rate we follow two different routes to better illustrate the nature of the charge dissociation process. We can initially assume that the dissociation rate is the sum of all dissociation rates toward any of the final CT states, each expressed by a Marcus rate equation (the validity of this approach is discussed below):
The reorganization energy , following ref. [12] , is reduced for more delocalized CT states and can be parameterized as
, where is the inverse participation ratio of the CT states [12] (a measure of delocalization) and 0 is the reorganization energy for a system formed by a single donor an acceptor, here set to 0.25 eV [12] . The computed rates, evaluated at =0.025 eV, are reported in Figure 7b as a function of the parameter ∆ . The supporting information reports the results of an analogous model where also the hole can be delocalized over many donors, which yields similar qualitative results and confirms that the assumption of a localized hole is not critical for the described phenomenon to take place. As originally noted in ref.
[Troisi_Faraday], when eq. 2 is used for delocalized states (of both donors and acceptors) the reorganization energy vanishes and the rate expression approaches the limit of the Fermi golden rule: Moreover, the main feature described in this paper, namely the strong dependence of the dissociation rate on the LUMO+1 position, is not determined by the approximations introduced to include the electronphonon coupling in eq. 4. Still, for exciton dissociation rates exceeding 10 13 s -1 , it may be desirable to replace the theory used here with a description of a coherent dynamics within the CT manifold, which is however outside the scope of this paper.
The presence of low energy LUMO+1 is a well-known feature of all fullerene derivatives used as electron acceptors, which remain the most efficient electron acceptors to date. There is an ongoing effort to replace fullerene derivatives with other molecules and it is interesting to see whether the best non-fullerene acceptors share with fullerenes the property of having low energy LUMO+1 orbital. A survey of the recent literature suggests that this might be the case. The recently synthesized perylene diimide (PDI) dimer (namely Bis-PDI-T-EG) [42] 
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